1
INTRODUCTION
of peptides (Lanouette et al., 2015; Rathert et al., 2008) . The use of systematically mutated (i.e., 23 permutated) peptide arrays in particular has been used frequently in PPI and enzyme-substrate 24 specificity analysis (Dhayalan et al., 2011; Kudithipudi et al., 2014; Lanouette et al., 2015; 25 Schuhmacher et al., 2015; Weirich et al., 2016) . These permutation arrays are based on the 26 systematic alternation of a single residue to all other amino acids at each position throughout a 27 peptide sequence, resulting in a 2-dimensional matrix representing the substrate-space tolerable 28
for an interaction to occur in vitro. By studying the impact of single amino acid change in a 29 peptide sequence, the individual role of each amino acid can be used in making a prediction on 30 the PPI or enzyme-substrate specificity (Lanouette et al., 2015) . 31 analysis and motif generation. 10
PeSA has been designed to facilitate the interpretation of peptide array results. Developed using 11 the enzyme-substrate identification literature for lysine methylation as a prototypical example of 12 an experimental workflow, PeSA is also applicable to other protein-protein interactions and 13 enzyme specificity analysis. Additionally, it has been expanded to also support results of 14 degenerate Oriented Peptide Array Library (OPAL) studies (Wei et al., 2018) . Using the number-15 of-occurrences, or the values of quantified data measured by the study, PeSA derives an amino 16 acid motif from a peptide list or peptide array as a means of PSSM or position weight matrix 17 (PWM) . With a goal of developing an easy to use user-interface for occasional or non-expert 18 users, PeSA provides an environment to view and visually compare results of an experiment with 19 an adjustable cut-off threshold available for dynamic motif generation. PeSA can also be used to 20 annotate a motif not only for the output of the study, but also for the input of the study to detect 21 any existing bias and interpreting the results accordingly. 22
Current version of PeSA (v.1.5) provides a working environment to analyze data and create an 23 amino acid sequence motif using different types of inputs, such as a list of peptides or quantified 24 peptide matrix. The approach PeSA is taking is to minimize the manual editing or manipulation 25 of the data by the user and to use the files that are generated for or by other software tools 26 commonly used in the industry, such as Excel file output of ImageJ software or text files that are 27 fed into peptide synthesizers. PeSA also allows the user to save the data as a PeSA project file or 28 export as an Excel file for further manipulation if required. 29
Our prototypical framework of which the utility of PeSA is demonstrated is the use of peptide 30 arrays to study lysine methylation, however the implementation of PeSA expands broadly 31 beyond this example. Post translational modification (PTM) is one of the reversible and dynamic 1 mechanisms that functions to increase the functional diversity of proteins beyond their genetic 2 code. As such, PTMs directly contribute to influence a wide range of cellular processes through 3 the regulation of protein function, stability and location. Lysine methylation is a commonly 4 studied PTM (Kudithipudi et al., 2014 (Kudithipudi et al., , 2012 Liu et al., 2013; Rathert et al., 2008; Weirich et al., 5 2016) . Both histone and non-histone proteins can go through lysine methylation (Dhayalan et al., 6 2011; Rayasam et al., 2003) . Lysine methylation of histone proteins result in changes in genetic 7 expression, whereas methylation of non-histone proteins can cause changes in cellular activity: 8 cell growth, DNA repair, protein synthesis (Biggar and Li, 2014) . Understanding the mechanism 9 and making reasonable predictions on which lysine residues will go methylation is important in 10 understanding biological functions and can be helpful in drug development. The example usage 11 of PeSA for various lysine methylation studies discussed in this study are an indicator of its 12 added value to current studies in such an important area of modern research. 13
PeSA was developed as an opensource, easy to use tool designed to help researchers to analyze 14 peptide sequences. The ability to generate motifs effortlessly will make analyzing, interpreting 15 and sharing peptide specificity study results a simple and straightforward process. 16 17 2. MATERIAL AND METHODS 1
Design and Implementation 2
PeSA utilizes two models of motif creation: (1) frequency-based, and (2) weight-based. In the 3 former frequency-based model, weight of each amino acid residue in PSSM is calculated by 4 number of occurrences of an amino acid at a specific position divided by total number of 5 peptides. If the frequency calculated is higher than the selected threshold, it is displayed in the 6 motif. The height of the letter representing an amino acid is proportional to the frequency 7 calculated. The amino acids of which the frequencies fall below the user-defined threshold are 8 displayed as a single character 'X'. In contrast, for the latter weight-based model, the 9 quantification values computed by the study results are used to determine the height of the letter 10 representing an amino acid in the motif, rather than the mere frequency. 11 12 2.1.1 User-supplied peptide list 13
As its simplest from, PeSA accepts a user-supplied peptide list to create a conserved sequence 14 motif. The frequencies that will be used to create a frequency-based motif as described above. 15 16
Peptide arrays 17
PeSA is also able to accept sequences from a peptide array matrix and associated raw quantified 18 matrix (i.e., densitometry, fluorometry, etc.) to create the conserved sequence motif. The 19 quantification matrix is automatically normalized by identifying and using the ratio of the 20 maximum numerical value within the matrix, or a manually defined value by the user. Peptides 21 that have a normalized value greater than a user-defined threshold ratio are then selected to be 22 used in the creation of a frequency-based motif. 23 24
Permutation arrays 25
Permutation arrays have been widely used to systematically explore position-specific tolerable 26 residue (i.e., amino acid) substitutions in protein-interaction and enzyme-substrate experiments. 27
For these experiments, a weight-based model is adopted for the generation of sequence motifs. 28
The user-supplied experimental results of the quantification matrix determine the weight of the 29 modified residues at each position after normalization. Normalization of the experimental results 30 occurs in a manner similar to that described above, using the numerical value of the wildtype 31 sequence within the row or column. When the permutation array is formatted with each vertical 1 column representing a residue mutation at a specific position, PeSA will automatically normalize 2 the data in a column-wise manner. For column-wise normalization, each value within each 3 column of the quantified matrix is divided by the value of the wildtype sequence (i.e., 4 normalization value) within that column. PeSA will automatically identify the axis holding the 5 permutation amino acid values, the wildtype sequence in the opposite axis, and the appropriate 6 quantified value within each column/row. Given that there is no repetition of amino acids in the 7 permutation axis, this information is used to make the axis determination. In the event that the 8 wildtype sequence also does not have any residue repetition, preventing PeSA from recognizing 9 the proper axis designations, the user has the ability to manually identify which axis represents 10 the wildtype sequence information. The normalization value any specific column/row is 11 determined by the peptide spot within the array equivalent to the wildtype sequence (i.e., the 12 residue permutation which is the same as the wildtype sequence). If PeSA is unable to identify 13 an appropriate normalization value for a specific column, then the average of other columns' 14 normalization values is used. Transposed row-based residue mutations are handled in a similar 15 manner. 16 17
Oriented peptide array libraries 18
Lastly, when highly degenerate OPAL arrays are used for analysis, a weight-based model is 19 adopted for the generation of sequence motifs similar to that described for permutation array 20 analysis above. As there is no wildtype sequence for normalization for an OPAL array, the 21 maximum value at each row or column is automatically identified and is used as the 22 normalization value to determine the final weight of each residue at a specific position. 23 Current version of PeSA (v.1.5) can create an amino acid sequence motif using; (1) a peptide list, 9
(2) quantified peptide array, (3) permutation array or (4) OPAL, with a dedicated user-interface 10 for each type of analysis. Implementation and use of each analysis are described below. 11
Create sequence motif from peptide list 12
This module allows the user to create a motif based on frequency of amino acids at each position. 13
Each amino acid is represented as its single letter acronym, relative to its frequency within the 14 provided peptide list. The color of each amino acid can be modified through Settings Motif 15
Settings. The screenshot of the user interface and the result motifs are displayed in Figure 1 . Peptide length -This is an optional parameter. If left blank, the length of the first peptide in the 20 list will be accepted as the peptide length. Entering the peptide length allows users to reuse a file 21 fed to a peptide generation machine. In cases where there are extra characters appended to each 22 peptide as required by the peptide generation machine, these additional characters can be ignored 23 by PeSA by entering the "peptide length" parameter. 24
Key position -If not entered, key position is calculated as the middle position of a peptide. This 25 parameter is used only if Target Amino Acid parameter is entered. 26
Target amino acid -The difference between the motifs created with and without a target amino 27 acid can be viewed in Figure 1B and 1C/D, respectively. If no target amino acid is entered, only 28 one motif is created and every position in the peptide is handled the same way. In the presence of 29 a key position and target amino acid, a motif is created by using frequencies of the amino acids 30 only in the peptides with that specific amino acid in the key position. Also, a secondary motif is generated for the rest of the peptides, if any of the peptides not included in the first motif can be 1 shifted left or right to bring the target amino acid to the key position. 2 Frequency threshold -This parameter is the minimum percentage to be displayed in the motif. 3
For example, with a threshold of 0.1, an amino acid is represented at a specific position in the 4 motif only if it exists in at least 10% of the peptides in the list at the same position. 5
Motif width and height -Dimensions of the motif to be generated can be entered here as 6 number of pixels. The default values can also be updated through Settings Motif Settings. 7
Output -The output box displays warnings or error messages, e.g. nonstandard amino acid 8 abbreviations, invalid characters in the peptide list, or inconsistent peptide lengths. The details 9 about how the second motif is generated by sequence shifting are also displayed in this window. 10
Motifs created are displayed in a separate window, which can be saved as an image file or copied 11 to the clipboard. 12 delimited files (*.csv). The dimensions of the matrix are determined automatically based on the 24 loaded/copied matrix. A list of peptides can also be imported in text format, with each peptide on 25 a different line. In that case, the matrix is generated by PeSA. The dimensions of the matrix and 26 whether the generation is on columns first basis or rows first basis can be set through Settings 27
Peptide Array Settings. The peptide grid also provides search functionality for partial or full 28 peptide sequence within the matrix. 29
Matrix dimensions (display only) -The dimensions of the matrices are determined 6 automatically if the peptides are copied or uploaded in matrix format. If a peptide list is loaded 7 instead, the dimensions of the matrix need to be entered through Settings Peptide Array 8
Settings. 9
Normalize By (parameter) -By default, the maximum value in the quantification matrix is 10 taken as the normalize by value. To create the normalized matrix, every value in the 11 quantification matrix is divided by the normalize by value. 12
Threshold (parameter) -The threshold value is used to determine whether a peptide in the 13 peptide matrix is accepted as modified or not. Any value in the normalized matrix that is equal to 14 or more than the threshold value is accepted as modified, and the corresponding peptide is added 15 to the peptide list which is to be fed to the motif generator. The threshold can be set to any value 16 between 0 and 1 using the slider, or by entering any numeric value using the entry box. 17 18
Permutation array analysis 19
Permutation Array Analysis module allows the user to create a weight-based motif using the 20 residues at a specific position that provide a quantification value greater than a provided 21 threshold. The peptides that are accepted as modified are displayed with gray background as in 22 the other modules of the software for easy identification. The input and output data can be saved 23 as a PeSA project file for later access or exported as an Excel file for further manipulation. The 24 screenshot of the user interface and the result motifs are displayed in Figure 3A Threshold (parameter) -The threshold value is used to determine whether a peptide in the 10 permutation matrix is accepted as modified or not. Any peptide with a normalized value that is 11 equal to or more than the threshold value is accepted as modified. The threshold can be set to any 12 value between 0 and 1 using the slider, or by entering any numeric value using the entry box. where there is no wild type sequence, but each location of the matrix differs by one residue 17 concentration at a specific position being higher than the rest. A weight-based motif is generated 18 using the normalized values of the quantification value greater than the provided threshold. The 19 peptides that are accepted as modified are displayed with gray background as in the other 20 modules of the software for easy identification. As with the other modules, the input and output 21 data can be saved or exported as an Excel file. The screenshot of the user interface and the result 22 motifs are displayed in Figure 3C Threshold (parameter) -The threshold value is used to determine whether a peptide in the 8 OPAL matrix is accepted as modified or not. Any peptide with a normalized value that is equal 9 to or more than the threshold value is accepted as modified. The threshold can be set to any value 10 between 0 and 1 using the slider, or by entering any numeric value using the entry box. 11 12
RESULTS AND DISCUSSION 13
PeSA uses quantified array results as raw input for further sequence analysis.The examples 14 displayed in this article use the Protein Array Analyzer plugin (Carpentier, 2014) implemented 15 using ImageJ software (Rasband, 2015) to convert autoradiography images to quantified raw 16 densitometry values. To calculate the number of matches using PeSA, raw data used to generate 17 the motif was utilized. For the sake of replicability, raw data of the motif is included in the Excel 18 export files as well as the motif image (Supplemental tables S1-S10). 19
NSD1 methyltransferase substrate specificity analysis 20
To explore the substrate specificity of the NSD1 lysine methyltransferase, one notable study 21 utilized a permutation array with the wildtype sequence H3(31-49) with K36 as the target lysine 22 was methylated (Kudithipudi et al., 2014) . The quantification matrix created by the densitometry 23 of autoradiographic image of the same experiment was fed into PeSA (Figure 4) , 2.3.3 24 Permutation array analysis feature, and the motif in Figure 4C was generated. In the same study, 25
Kudithipudi and collegues (2014) reported that two non-histone proteins ATRX (K1033) and U3 26 (K189) were weakly methylated by NSD1, while p65 (K218 and K221) did not show any 27 methylation. PeSA-generated motifs were compared to amino acid sequences of these candidate 28 methylation sites, between -5 and +7 positions ( Figure 4D) . ATRX protein displayed a 100% 29 match to threshold value of 0.60. U3 protein displayed a 100% match to a threshold value of 30 threshold. The p65 protein, targeting both K218 and K221 positions were found to have a 1 69.23% residue match at 0.50 threshold. Accepting a 0.5 threshold for analysis and a cut-off 2 point of maximum one mismatch for prediction, PeSA would predict ATRX (K1033) and U3 
SMYD2 methyltransferase substrate specificity analysis 7
A similar comparison was done for the study results of SMYD2 substrate specificity (Lanouette 8 et al., 2015) . Using their SPOT peptide array analysis of p53 (K370), a PeSA motif was 9 generated ( Figure 5A) . The PeSA-generated motif was then compared to known substrates (p53 10 (K370), Erα (K266), Rb (K810), Rb (K860), and HSP90 (K615)), as well as the substrates 11 predicted by Lanouette et al. (SIX1 (K51), SIN3B (K354), and DHX15 (K515)) ( Figure 5B and 12 5C). The PeSA motif generated displayed notable amino acid specificity for positions -1 to +3. 13
The PeSA match was calculated for each of the peptide sequences in question using different 14 thresholds, for full motif ( Figure 5B substrates. By focusing PeSA analysis to the region of the motif displaying high specificity (i.e., 23 residues -1 to +3) , the similar trend can be seen for the predicted and known substrates tested. 24
PeSA has 100% match for all known and predicted substrates, except Rb (K860) and SIN3B 25 (K354). By allowing one mismatch as a threshold for substrate prediction, PeSA maintains a 26 100% success in re-predicting known and validated SMYD2 targets from peptide array results 27 ( Figure 5C ). 28 29
CONCLUSION 30
Understanding protein-protein interactions, including substrate specificity of enzymes, has been 31 a research question that has been attempted to be addressed by numerous studies (Fields and 32 Song, 1989; Levy et al., 2011; Rathert et al., 2008; Wei et al., 2018) . The utility of PeSA results 1 from a design that allows the user to set experimental parameters and see the results instantly and 2 effortlessly. Parameters include (1) the selection of different frequency or densitometry weight 3 thresholds, or (2) number of residues per position. The ability to see how specific parameters 4 alter the results will facilitate to make decisions on a per-case basis. PeSA also creates a base for 5 a variety of future expansions. Motif is one form of visual output that can be used for data 6 analysis. Filtering a list of possible peptide list for specificity by their similarity to a motif is the 7 simplest form of utilizing a motif (Kudithipudi et al., 2014; Lanouette et al., 2015) . Motifs are 8 not merely end result of a study but can also be used as input data for other studies as well. 9
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